The presence of cerebral lesions in patients with neurosensory alterations provides a unique window into brain function. Using a fuzzy logic based combination of morphological information about 27 olfactory-eloquent brain regions acquired with four different brain imaging techniques, patterns of brain damage were analyzed in 127 patients who displayed anosmia, i.e., complete loss of the sense of smell (n = 81), or other and mechanistically still incompletely understood olfactory dysfunctions including parosmia, i.e., distorted perceptions of olfactory stimuli (n = 50), or phantosmia, i.e., olfactory hallucinations (n = 22). A higher prevalence of parosmia, and as a tendency also phantosmia, was observed in subjects with medium overall brain damage. Further analysis showed a lower frequency of lesions in the right temporal lobe in patients with parosmia than in patients without parosmia. This negative direction of the differences was unique for parosmia. In anosmia, and also in phantosmia, lesions were more frequent in patients displaying the respective symptoms than in those without these dysfunctions. In anosmic patients, lesions in the right olfactory bulb region were much more frequent than in patients with preserved sense of smell, whereas a higher frequency of carriers of lesions in the left frontal lobe was observed for phantosmia. We conclude that anosmia, and phantosmia, are the result of lost function in relevant brain areas whereas parosmia is more complex, requiring damaged and intact brain regions at the same time.
Introduction
The human sense of smell is an important component of the quality of life (Croy et al., 2014; Doty et al., 1998; Hummel and Nordin, 2005; Merkonidis et al., 2015; Rinaldi, 2007) and has been recognized as an early symptom in neurological (Doty et al., 1988; Hawkes, 1996; Murphy et al., 1990) and psychiatric (Brewer et al., 2003; McCaffrey et al., 2000) diseases. Smelling involves a complex cerebral network of pathways extending from the first neuron located in the olfactory epithelium, where approximately 400 genes coding for olfactory receptors are expressed (Ache and Young, 2005; Gilad and Lancet, 2003; Verbeurgt et al., 2014) , functionally concentrating in the olfactory bulb and from there spreading across the brain (Gottfried, 2006) to several regions activated by olfactory stimuli in humans (Gottfried, 2006; Savic, 2002) .
Among olfaction-relevant brain regions, morphological dynamics have been observed (Gottfried, 2006) . While volume losses in relevant gray matter (Bitter et al., 2010) or the olfactory bulb (Meisami, 1976; Mueller et al., 2005; Rombaux et al., 2009; Yousem et al., 1999) were accompanied by reversible anosmia, restoration of relevant brain areas such as the olfactory bulb was accompanied with the improvement of olfactory function (Gudziol et al., 2009; Royet et al., 2013) . This suggests an association of brain lesion pattern with particular clinical pictures of olfactory dysfunction in humans.
In the present study, pattern of brain lesions was sought in patients who had presented with various olfactory dysfunctions which they associated with a head trauma in their medical history. The hypothesis was pursed that associations can be found among patterns of single lesions and specific olfactory dysfunctions such as anosmia, i.e., the complete loss of the sense of smell, parosmia, i.e., a distorted perception of an olfactory stimulus or phantosmia, i.e., an olfactory sensation in the absence of any physical odor.
Methods

Patients and study design
This cross-sectional retrospective study followed the Declaration of Helsinki; measurements were taken at the University of Louvain, Belgium. The enrolled cohort consisted of 143 patients (age 16-84 years, mean ± standard deviation 45.2 ± 14.6 years; 82 men) who had presented themselves at the Department of Otolaryngology at the Hospital Saint Luc, Brussels, Belgium, with the symptom "olfactory loss" which they associated with a head trauma which was dated back by the patients between 1 and 312 months (mean ± standard deviation 29.3 ± 36.3 months). Rhinological examination including nasal endoscopy was performed and a detailed structured history (Welge-Luessen et al., 2013) of the patients' olfactory acuity was taken. Subsequently, patients underwent a psychophysical olfactory test followed by the anatomical magnetic resonance imaging based assessment of the brain morphology with a focus on olfaction relevant.
Assessment of olfactory function
Patients were questioned about their olfactory function (WelgeLuessen et al., 2013) and particular symptoms such as parosmia or phantosmia were queried. Psychophysical olfactory testing was performed using a clinically established test battery ("Sniffin' Sticks"; Burghart, Wedel, Germany (Hummel et al., 1997; Kobal et al., 1996) ). This test is based on felt-tip pens that contain liquid odors instead of dye. The pen's cap was removed by the experimenter for approximately 3 s and the pen's tip was placed 1-2 cm in front of the nostrils. In the case of triplet pen presentation was at an interval of approximately 3 s. Specifically, odor thresholds were obtained for the rose-like odor phenyl ethyl alcohol presented in 16 successive 1:2 dilution steps starting from a 4% solution. Using a three-alternative forced-choice task and a staircase paradigm starting at low phenyl ethyl alcohol concentrations, one pen with the odorant and two blanks were presented at each dilution step. Two successive correct identifications or one incorrect identification triggered a reversal of the staircase. The odor threshold was estimated using the mean of the last four out of seven staircase reversals. The odor discrimination was determined with 16 triplets of pens, two of each triplet containing the same odor and the third a different, "target" one (for names of odorants see Hummel et al. (1997) ). The discrimination performance was assessed employing a three-alternative forced-choice task (normal score N 10 correct discriminations for both sexes). The odor identification was determined with 16 odors (for names of odors see Hummel et al. (1997) ) using a four-alternative forced-choice task with presentation of a list of four descriptors for each pen using different stimulus sequences for every measurement. The established evaluation of olfactory performance was based on the calculation of a composite "TDI score" ("Threshold Discrimination Identification") as the sum of the scores from the three subtests (Wolfensberger et al., 2000) . Established standard criteria of olfactory diagnosis were indicated by TDI ≤ 30.5, with the separation of hyposmia (30.5 ≥ TDI N 15.5) from functional anosmia, from here on termed "anosmia" at TDI ≤ 15.5 (Hummel et al., 2007) .
Assessment of brain morphology
Cerebral lesions were analyzed bilaterally at 40 cerebral areas (Table 1) reportedly involved in the human central nervous processing of smell (Gottfried, 2006) . Participants were examined on a 1.5 T MR imaging system (Signa EchoSpeed; GE Healthcare, Milwaukee, Wisconsin) using a standardized protocol including (i) a 5-mm-thick standard T2-weighted FSE image (TR = 2352 ms, TE = 80 ms). This covered the whole brain to rule out any organic brain disorder, (ii) 5-mm thick standard FSE fluid-attenuated inversion recovery images (TR = 10,000 ms, TE = 12 ms, TI = 2800 ms) covering the whole brain and 5-mm thick T2-weighted gradient echo images acquired using echo-planar imaging (TR = 1465 ms, TE = 16 ms) covering the whole brain to rule out the presence of any parenchymal or meningeal deposit, and (iii) 2-mm thick T1-and T2-weighted FSE images acquired in the coronal plane covering the anterior and middle segments of the base of the skull. The coronal T1-weighted FSE sequence was performed with parameters TR = 666 ms, TE = 10 ms, section thickness = 2 mm without intersection gap, The degree of regional brain damage was quantified using a fourpoint ordinal scale [0…3]. Absent damage was attributed a value of 0, moderate damage a value of 1 (lesion clearly present; extent very small), medium damage a value of 2 and severe damage a value of 3 (lesion clearly present; large extent). Grading was done by experienced observers and inter-observer incongruences were discussed until a joint decision was reached. 
Data analysis
The analyses were performed using the R software package (version 3.2.1 for Linux; http://CRAN.R-project.org/). More detailed descriptions are provided in the Supplementary Materials. In brief, neuroimaging data from 135 patients was available for the 40 different brain regions (Table 1) . However, eight patients with missing data from 8 to 34 regions were excluded, so that the brain morphology data set further analyzed consisted of four matrices of dimension 127 × 40 for each of the four neuroimaging techniques, i.e., "flair", "Epi", "SWI" and "T2". Each cell contained a number of 0, 1, 2 or 3 quantifying the degree of brain damage diagnosed with the respective technique. The brain lesion information was combined, per matrix cell, using the fuzzy logic "OR". A final 127 × 40 matrix was generated that contained the maximum of the respective cell across the four original matrices. This corresponded to the clinical routine where each technique has its advantages, however, a negative finding with one but not another technique will not be diagnosed as healthy but interpreted as a lower diagnostic performance of the first technique, and the clinical interpretation will be based on the positive finding.
Damages per regions were found in 1 to 77 patients (0.8-99.2% of the cohort; Table 1 ). Nor-informative regions, i.e., those showing lesions in close to all or in none of the patients were excluded based on the Shannon information criterion (Shannon, 1951) 
, where BR i denotes the ith brain region and p 0,i and p 1,i are the observed probabilities of the nonobservation or observation, respectively, of a brain lesion (Fig. 1 ). The precise limit of the Shannon information up to which a brain region could be regarded as containing a sufficiently informative distribution of lesions among the patients was calculated by means of a computed ABC analysis which is a categorization technique originally developed for problems in economics (Juran, 1975; Pareto, 1909) to search for a subset with minimum possible effort that gives the maximum yield, aiming at dividing a set of positive data into three disjoint subsets called "A", "B" and "C". Subsets "A" and "B" comprise profitable values, i.e., "the important few", whereas subset "C" comprises non-profitable values, i.e., "the trivial many".
Following ABC analysis, 27 brain regions were identified that, by precisely computed criteria, conferred sufficiently informative distributions of lesions for subsequent analysis. To this end, the 127 × 27 matrix was submitted to hierarchical cluster analysis aimed at identifying functional pattern shared among patients with similar olfactory dysfunction. The obtained cluster structure that subgrouped the patients was subsequently interpreted by extracting decision rules, in terms of the degree of lesion per brain area, from a classification and regression tree (CART) classifier (Breimann et al., 1993) . The obtained tree model was crossvalidated using a leave-k-out approach, where k was a randomly picked tenth of the total sample and the tree models were built 100 times with the respective remaining data. Subsequently, associations of brain lesion pattern with the presence of olfactory dysfunctions, i.e., anosmia, parosmia or phantosmia, were analyzed by means of Wilcoxon signed rank (Wilcoxon, 1945) or Kruskal-Wallis (Kruskal and Wallis, 1952) and χ 2 tests.
Results
The data set resulting from a fuzzy "OR" combination of the brain lesion grading found in the brain images acquired with four different techniques, i.e., "flair", "Epi", "SWI" and "T2" images, consisted of a 127 patients × 40 brain regions matrix. Thalamic lesions were seen only in each one patient at the left or right sides, whereas many patients had lesions at the left and/or right medial orbitofrontal cortices (77 or 75 of 127, respectively). Values of the Shannon information below a threshold of 0.32 had been identified in a calculated ABC analysis as belonging to the subset (C) of information content, which can be considered as "trivial" (Table 1) . Following exclusion of the uninformative regions, the data set submitted to further analysis consisted of a 27 × 127 matrix of combined (fuzzy "OR") brain lesion gradings (Fig. 2) . Of these 71 men and 56 women, aged 16-84 years (mean ± standard deviation: 45 ± 14.4 years), 81 patients were anosmic, 44 were hyposmic and only two were normosmic. Twenty-two patients reported symptoms of phantosmia and 50 patients had parosmia.
Three clusters of patients with different brain lesion pattern (dendrogram at the left of Fig. 2 ) were identified by a clustering approach, with cluster sizes of n = 54, 46 and 27 for clusters 1 through 3, respectively (cluster numbers arbitrarily assigned). The clusters differed with respect to the mean degree of brain lesions (Kruskal-Wallis test: χ 2 = 107.4, df = 2, p b 2.2 · 10
−16
). Exploration of the distribution of olfactory dysfunctions across the three clusters (Fig. 3) suggested a higher prevalence of parosmia and phantosmia in cluster #2, i.e., the Ultsch and Lötsch (2015) . The 13 brain regions assigned to ABC set "C" (Shannon information b0.32, see Table 1) were not further analyzed because of providing low information judged by the ABC analysis as "trivial".
cluster with medium overall brain damage (see Fig. 2 ). The cluster association was statistically significant for parosmia (χ 2 test of the patients' cluster membership versus olfactory dysfunction: χ 2 = 7.80, df = 2, p = 0.02) whereas the distributions of anosmia and phantosmia were not significantly different among clusters (χ 2 = 0.51, df = 2, p = 0.77, and χ 2 = 3.43, df = 2, p = 0.18, respectively).
CART analysis (Fig. 4) indicated that cluster #2 comprised patients with either a lesion in the medial but not the lateral orbitofrontal cortex or a lesion in the lateral orbitofrontal cortex but not in the temporal lobe pole, all at the right hemisphere. An involvement of an intact right temporal lobe pole in parosmia was supported by an analysis of the relative percentages of lesions found in the 27 analyzed brain regions in patients with versus without olfactory dysfunctions. Specifically, in patients with parosmia, the most pronounced percent difference in carriers or noncarriers of a lesion was found for the right temporal lobe where lesions were less often found in patients with parosmia than in patients without parosmia (χ 2 = 3.8717, df = 1, p = 0.0491). This negative direction of the differences was unique for parosmia. In anosmic patients (Fig. 5 ), the region with most pronounced differences between carriers and non-carriers was the right olfactory bulb, however, lesions in that region were much more frequent in anomics than in patients with preserved sense of smell (χ 2 = 6.04, df = 1, p = 0.01). Similarly, in patients with phantosmia, the most pronounced difference was a higher frequency of lesions in the left frontal lobe (χ 2 = 7.2706, df = 1, p = 0.0070091).
Discussion
The present comprehensive exploration of lesions in 27 olfaction relevant brain regions emphasized the importance of a pattern of damages for specific olfactory dysfunctions emphasizing an importance of both, the presence or the absence of regional damages in olfactory pathologies. While anosmia was a negative symptom that was associated with the damage of the olfactory bulb, the occurrence of parosmia required, by contrast, also intact parts of the brain, most pronounced but not exclusively identified to involve the temporal lobe. As the analysis employed a data-driven exploratory and deductive approach (Lötsch and Geisslinger, 2010) rather than a hypothesis driven concept, except that the selection of brain areas used prior knowledge to include a most complete set of regions associated with the processing and perception of olfactory input, its results required the judgment of their biological plausibility, which will be discussed in the following. It has also to be pointed out that the functional associations were possible with the presently observed lesion pattern that had been attributed by the patients to a specific trauma, however, the brain structure might have changed, i.e., partly recovered or additionally damaged, due to other reasons in the 1-312 moths interval between the trauma and the present olfactory/MRI data acquisition.
Firstly, the analysis clearly emphasized the highly significant role of the olfactory bulb for the sense of smell. As recently where in an analysis of the brain lesion pattern following head trauma identified an algorithm for the diagnosis of posttraumatic olfactory loss in which a lesion in the right olfactory bulb was the first and most important decisive MRT finding associated with anosmia , a damage in the right olfactory bulb was again the most prominent finding associated with complete olfactory loss. However, as previously, damage in the olfactory bulb did not completely explain anosmia, hence, further lesions contributed to anosmia in the present cohort. Indeed, while Fig. 2 ) based on their brain lesion pattern. When the condition noted at each decision node applies, the tree is followed at the respective path down. At the end of such path, the cluster is indicated. The model provided cluster assignment at a cross-validated accuracy of 82.5%. Nodes representing patients classified by the tree as belong to the three clusters are cored in orange, blue and green analogously to the cluster coloring in Fig. 2 . Three numbers in the middle of the nodes display the proportion of individuals in that node that really belonged to cluster #1, #2 or #3. Therefore, the color gradient is a visual representation of these numbers, with more intense colors with more correct classifications. At the bottom of each note the percentage of subjects belonging to this node from all subjects in the cohort is given (rounded to integer). The plot of the tree was obtained using the "fancyRpartPlot" function of the R package "rattle" (G. Williams; https://cran.r-project. org/web/packages/rattle/index.html (Williams, 2011) ).
olfactory loss is frequent after brain injury (Sumner, 1964 ) a contribution of a rupturing of the olfactory nerves to the olfactory loss (Delank and Fechner, 1996) cannot be excluded in the present data as morphological information about the olfactory nerve was not accessible. However, other etiologies such as viral or sinu nasal diseases have been excluded by a thorough anamnestic/clinical work-up of the patients.
Secondly, parosmia emerged as a symptom requiring in addition to damages in certain brain regions the absence of lesions, specifically, a lower prevalence of damage in the temporal lobe. The requirement of a partly intact olfactory system is consistent with the definition of parosmia as an olfactory dysfunction that is characterized by the inability of the brain to properly identify an odor's "natural" smell (Bonfils et al., 2005) , which implies the ability to perceive odors physically present in contrast to phantosmia where odors are perceived in the absence of an odor source. According to the present CART classifier, parosmia required both intact and damaged brain areas, specifically, either an undamaged lateral orbitofrontal cortex or an undamaged temporal lobe pole, whereas damages were needed in either the medial or lateral orbitofrontal cortices, however, not in both at the same time. This suggests the origin of the distorted odor perception in a partly intact olfactory system that displays a damage pattern compatible with the hypothesis of hampered interplay among its components. The main role seems to play an undamaged right temporal lobe pole, which characterized a narrow majority of the patients belonging to the brain lesion pattern cluster with the highest prevalence of parosmia. The temporal lobe pole plays a not yet completely but probably important role in the central processing of olfactory information. A role of the temporal lobe was seen as "linking odor object representations to transmodal networks, given its anatomical proximity to olfactory and visual object processing areas" (Kasai et al., 2003; Olofsson et al., 2013; Olson et al., 2007) . Lesions induced by radiation have been found to be associated with decreased olfactory function (Leyrer et al., 2014) and deficits of the temporal lobe pole in primary progressive aphasia were related to severe deficits in odor naming and matching, which would be a compatible association provided the hypothesis that distorted input from a damaged lateral orbitofrontal cortex results in the report of a wrong perception.
Thirdly, phantosmia was the consequence of, mainly, damages in the frontal lobe, which is long known to be involved in the conscious perception of odors (Bowman et al., 2012; Wilson et al., 2014) . However, without reaching statistical significance, the slightly higher prevalence of phantosmia in the cluster where also parosmia was more frequent suggests a rather complex generation of olfactory phantoms in the human cortical olfactory system. Finally, present findings reproduce the predominant role of the right brain side as critically involved in olfaction. This agrees with the idea that the right hemisphere, in general, is of high significance in the processing of olfactory information (Daniels et al., 2001; Hudry et al., 2014; Hummel et al., 1995; Zatorre et al., 1992) .
Conclusions
This work used a bioinformatics based approach to the relevance of particular brain regions for an olfactory dysfunction, which following structure recognition in a matrix of patient versus brain damage data identified regions or pattern of regions associated with anosmia or parosmia. The procedure resulted in a verification of the main role of the olfactory bulb for the perception of odors, whereas it emphasized that the symptom of parosmia is more complex, requiring damaged and intact brain regions at the same time. The results are biologically plausible based on prior knowledge about the role of specific brain regions in human olfaction. Future long-term follow-up of patient with posttraumatic parosmia, and possibly phantosmia, will show whether current findings bear prognostic information.
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